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Abstract 
One of the main disadvantages for the use of 3D printers in final product manufacturing is its lack of precision and poor 
dimensional accuracy. This paper proposes volumetric error compensation technique based on pattern artifacts. This technique 
is applied to an Objet 350V 3D printer. It is developed the kinematic model of the machine and its error functions are 
approximated by Legendre polynomials of order 3. As reference measurement device a Zeiss PMC MMC 850 with VAST XT 
scanning head is used. To materialize the points conical sockets are used that are measured automatically by a self-centering 
probing system. These measurements allow through an iterative optimization process to identify the coefficients of the 
polynomials of the error model. After manufacturing various pieces of test patterns, the results achieved are close to 80% 
reduction in mean error points. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Main text  
The technologies used in the 3D printers are evolving rapidly. Increasingly are better benefits that they provide. 
This is not obstacle to make more affordable allowing them to move from enterprise environments to domestic. 
However, the results provided do not allow use in finished products, leaving their use mainly relegated to 
prototypes and pre-series. As in machine tools, the mistakes made in the dimensions and geometry of the parts are 
usually of a systematic nature, and therefore, likely to be ameliorated through compensation as the presented 
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techniques.
This paper presents a method for software volumetric compensation. It is applied to a specific model of 3D 
printer, Objet Eden 350 V printer. This is a printer based on the technology of light-curing UV with a theoretical
resolution of 16 micrometers in the Z axe and 42 micrometers in the X axe within an effective volume 340 x 340 x
200 mm.
The method consists of materializing points with a high density within the volume, and then measure them with a
CMM (coordinate measuring machine). These measurements are used to determine the 18 error functions , as in 
Zhang, Veale, Charlton, Borchardt and Hocken (1985), committed by the printer in an iterative optimization
process. Specifically, the coefficients of the polynomials to approximate these errors are determined.
The main objectives to achieve are:
To design a simple creation of points system very robust in the measurement process.
It has to be a cheap system, i.e. that doesn't require much material or manufacturing and that the measuring
doesn’t take long.
It has to be easily extrapolated to other similar machines and even to other technologies.
2. Kinematic and errors compensation model.
The printer head is attached to a linear guide, this guide allows that the head can move along the Y coordinates
axis. At the same time, the head and linear guide assembly is mounted on a second guide that is perpendicular to
the previous guide. This last guide is the one that provides the movement along the X coordinates axis the print 
head, in addition to being attached to the base of the machine. This first kinematic chain consists of the head and 
two guides and it is responsible that the head can move on a plane XY within the working volume of the printer. 
The second kinematic chain consists of the printer tray and a third linear guide. The printer tray is attached to the
linear guide, and this is, as well, attached to the base of the machine. Linear guide of this kinematic chain allows
the displacement of the printer tray in the normal direction to the plane linear guides of the first chain-forming
kinematics, thus the displacement along the Z axis of coordinates is achieved .
Fig 1.Coordinate axes and origin.
This rapid prototyping printer can be defined as a machine of three linear axes of the ZFXY type and therefore,
according to Tong, Lehtihet, and Joshi (2003) , final errors can be defined according to the equations:
 
represents the actual value as a function of x, nominal value, for the 3 axes according to nomenclature UNE 
15300-1:2000.
Simplifications have been made to assimilate perpendicularity errors in straightness errors and establish the
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coordinate origin at the center of the printing system. 
Since each piece to manufacture will be defined according to its own local reference system it hast be added to 
model an array of rototranslation that will vary according to the disposition in which the part is manufactured. 
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In this case the submatrix of perspective is zero and the submatrix of scaling is the identity.  
3. Design, manufacture and measurement of patterns. 
Spheres are typically used to materialize a single point in space, through its center. This requires the probing of a 
large number of points and neither gives guarantees to be error free. In order to increase speed and enlarge the 
volumetric density of points, conical sockets, used in Trapet, Aguilar, Spaan, ,Yagüe, Zelený (2002), have been 
used on the surfaces of the parts. Using a diameter 2 mm sensor, the self-centering probing can measure the 
intersection of the plane with the axis of the cone, and thus with highly reliably measure a single point. 
 
 
Fig 2. Socket design and self-centering probing  
 
Pattern artifice designed is shown in Figure 3. It's a piece that covers a volume of 115 x 115 x 50 mm with a total 
of 233 conical sockets. It is formed by a flat base which supports 9 step pyramids from P1 to PC, being only the 
central complete, PC. Without being a completely even distribution, the points cover most of the volume. 
The upper-left corner of the figure 3 marks the axes at the base of the piece. Being X and Z positive coordinates 
while Y coordinates are negative matching the printer tray coordinate system. 
The piece is designed to increase the density of points in Z coordinates  close to the tray, which is usually the 
area where are usually placed in tray parts decreasing its density as it increases the Z coordinate. As shown in 
Figure 4 the coordinates X and points are homogeneously distributed, being the Y negative. 
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Fig. 3.Pattern artifact designed for calculation of error polynomials coefficients.
It is a design that does not cover all accessible volume machines but it serves to determine an area concrete and
replicating the workpiece 4 times would suffice to cover the entire area.
Fig. 4. Distribution of points (Histogram) in the volume of the pattern piece.
As critical as the design of the pattern piece is the measurement process. For the measurement of the grid of 
points it is sufficient to use the nominal coordinates and the process of self-centering probing is responsible for 
ensuring adequate and unattended socket measurement.
Prior to measuring points, and also in automatic mode, to avoid uncertainties of operator, the elements that 
constitute the coordinate system that allows you to locate the points are measured.
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Fig. 5. Calypso measurement interface. 
 
Nominal points serve to make an approach allowing the location of the sockets and are also used in the 
optimization process. 
4. Optimization and compensation. 
In process optimization, as shown by Aguado, Samper, Santolaria and Aguilar (2011), the error coefficients 
functions vary until it gets to reproduce the error has been detected to compare ratings with the real. 
This allows to obtain a few polynomials will allow to add to the nominal values of the triangles that make up a 
STL file defined by 3D Systems, Inc (1994) 
 
Fig. 6.Vertex of the .STL file and its corrected values. 
 
Figure 6 shows the vertices and their values corrected for the pattern piece. After the optimization process, error 
functions for each of the 18 errors are obtained through the polynomials coefficients. Used polynomials are 
Legendre of order 3 that some authors, like Kok Kiong Tan (2005), recommend to approximate errors in machine 
tools. Each error is expressed by its 3 coefficients (the zero-order coefficient is proportional to the one of order 2). 
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In the case of the equation shown, as an example, it corresponds to position on the X axis error being the 
coefficient of order n in the error function
The coefficients in table 1 do not have to match uniquely the machine errors but are the ones that globally 
minimize the 233 used points mean squared error. I.e., some errors may seem unreal, but the combination of the 
action of these faithfully represents the operation of the printer.
The mean squared value has been the goal of the optimization, because it is which has been considered the one
that more appropriately determines the quality of the piece.
Table 1. Legendre coefficients calculated in optimization
a3 a2 a1
EXX 1.14E-07 -3.28E-05 2.51E-03
EYX -2.30E-09 -1.46E-06 1.09E-04
EZX 9.50E-09 -1.54E-06 1.53E-04
EAX -1.37E-05 2.91E-03 1.10E-02
EBX -3.59E-04 -5.47E-04 -2.38E-04
ECX 2.38E-05 -4.79E-03 -6.00E-03
EYY 1.75E-07 4.64E-05 3.24E-03
EXY 6.27E-08 1.65E-05 4.97E-04
EZY 2.87E-08 5.42E-06 8.83E-05
a3 a2 a1
EAY 5.70E-04 -1.18E-04 -2.47E-04
EBY 4.46E-04 -7.09E-04 -3.82E-04
ECY 1.74E-03 3.89E-04 5.24E-04
EZZ -1.26E-06 6.79E-05 -7.77E-04
EXZ -8.66E-07 4.40E-05 -7.04E-04
EYZ -1.30E-07 -7.03E-07 6.32E-04
EAZ -2.54E-03 1.16E-01 6.40E-03
EBZ -8.95E-04 6.58E-02 3.26E-03
ECZ -5.58E-04 4.19E-02 4.78E-03
Figure 7 show simultaneously measured error and the corrected on, that is calculated at the end of the 
optimization. 
As it can be seen both are very similar both in orientation and module.
Fig 7.Comparation of actual error and compensated one.
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The discrepancy between both values is due to random error sources and represents the theoretical limit of the
compensation method.
In the three-dimensional representation with color levels of the figure 8 it can be seen that the error increases as 
values are moving away from the origin, reaching, for an area of 120 x 120 mm2, values of 200 micrometers. To
the right of the same figure, offset once part the expected error is focused on zero and barely exceeds 50
micrometers at their maximum value. The average value of the error goes from initial 120 micrometers to 20
micrometers.
Fig 8. Module error according to position X,Y , left before, right after the correction
The figures displayed represent the theoretical values of the compensation process which have to be reflected 
with the actual values to make the workpiece prior compensation of the STL file.
5. Analysis of results.
Once made the compensated part, since their nominal values remain constant, it has been used the same program 
of measurement of the MMC to measure by means of self-centering probing each of its 223 points.
Figure 9. Comparative error in module for the points.
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The model compensation i's applied to the STL of the volumetric Master piece, resulting in a new STL file, that 
has been used to manufacture the new piece. In Figure 9, it can be observed the value of the error in distance from 
the nominal value of each of the points. In red, we see the initial error presenting points. Green we have the result 
of the process of optimization that is theoretically the best possible value. 
As we can see the final error, after measuring the corrected part, confirms the expectations. Being exactly in the 
same order that the resulting residual error of the optimization and predictably clearly random character. 
In table 2 it can be seen a comparison of average and maximum errors. 
It is very illustrative to observe the great similarity of the corrected part errors and theorists of the initial piece. 
On optimization of 81% is reached to get 78%, which translates to the error that presents in half the fabricated part 
after the correction of your STL is just 28 micrometers which is identical to the expected random manufacturing 
error. 
 
Table 2. Error reduction 
 Initial 
Value 
Target Final 
Value 
Improvement 
(%) 
Max Err  0.228 0.053 0.070 69.3 % 
Mean Err  0.127 0.025 0.028 78 % 
6. Conclusions. 
The inclusion of conical sockets in pattern artifacts is a very successful method to materialize points in space. 
The point density is much higher than the use of spheres. The amount of material required in manufacturing (main 
source of cost of parts in 3D printing) is much smaller. The use of unattended probing minimizes the sources of 
uncertainty in the measurement process and decrease costs as was proven in ASME B89.4.1 (1997). 
Particularizing the kinematic of each additive fabrication machine model, it is very easy to implement this 
volumetric correction on other machines. The artifact pattern design can even be maintained. In fact, this method 
can apply to any rapid prototyping technology since it has been shown that while the sources of error are of 
systematic nature their combined action can be compensated. It is just necessary to properly develop the kinematic 
model and obtain sufficient points density within the working volume.  
It has been proved that the 3D printer complies with the manufacturer's specifications, but thanks to this method 
presented significantly improves its performance. 
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